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The tissue-speci®c POU domain transcription factor Pit-1 is required for phenotypic speci®cation of three cell types in the
anterior pituitary gland of mammals: somatotropes, thyrotropes, and lactotropes. Mutations in the Pit-1 gene, as ®rst
described in Snell and Jackson dwarf (dw) mice, led to pituitary hypoplasia due to lack of these three cell types, as well
as hypothyroidism and dwar®sm because of de®ciency of thyroid-stimulating hormone and growth hormone, respectively.
The Ames dwarf (df) exhibits a phenotype identical to that of Pit-1-mutated mice but the defective gene has been mapped
to a locus on mouse chromosome 11, distinct from the Pit-1 gene located on mouse chromosome 6. Our studies indicate
that initial activation of the Pit-1 gene is de®cient in the Ames dwarf. This suggests that the df gene is required for
activation of the Pit-1 gene and provides evidence for a hierarchy of tissue-speci®c factors required for cellular commitment
in the anterior pituitary gland. q 1995 Academic Press, Inc.
INTRODUCTION sensory organ precursor according to strict cell lineage. In
this model cell fate decisions are not made simultaneously,
The anterior pituitary gland contains ®ve types of secre- but rather in sequential steps involving a hierarchy of genes
tory cells, each characterized by the secretion of distinct that encode for several factors throughout a signaling path-
hormones. These cell types are: corticotropes that secrete way, including a ligand, a receptor, a phosphatase, an RNA
adrenocorticotropic hormone (ACTH), gonadotropes that binding protein, and a DNA binding protein (Posakony,
secrete luteinizing hormone and follicle-stimulating hor- 1994; Jan and Jan, 1995). Another powerful example is pro-
mone (LH and FSH), somatotropes that secrete growth hor- vided by formation of R7 photoreceptors in Drosophila eyes.
mone (GH), thyrotropes that secrete thyroid-stimulating In contrast to sensory bristle development, this process re-
hormone (TSH), and lactotropes that secrete prolactin lies solely on cellular interactions and requires a series of
(PRL). All pituitary cell types are presumed to arise from factors starting with a ligand (Boss) that activates a tyrosine
common progenitor cells that are present in Rathke's pouch kinase receptor (Sevenless), followed by several genes en-
around Embryonic Day 9.5 (e9.5). coding proteins required for intracellular signaling that ®-
Recent work in several organisms such as Drosophila nally converge on transcription factors (Zipursky and Ru-
have furthered our understanding of how multiple cell types bin, 1994). Many of the insights gained from studies of
can be generated from common progenitor cells. One useful hierarchical gene networks involved in Drosophila develop-
developmental paradigm is sensory bristle development in ment are likely to apply to organ development in mammals.
¯ies, in which four distinct cell types derive from a common Cloning of the POU domain transcription factor Pit-1
(Bodner et al., 1988; Ingraham et al., 1988) offered insight
into the molecular basis of the cellular heterogeneity of the1 The contributions of B.A. and R.V.P. should be considered
equivalent. mammalian anterior pituitary gland (reviewed in Andersen
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FIG. 1. Immunostaining of pituitaries from adult mice of wild type (wt; left) Ames dwarf (df/df; middle), and Snell dwarf (dw/dw; right).
Antibodies recognizing speci®c markers of corticotropes (ACTH; adrenocorticotropic hormone), somatotropes (GH; growth hormone),
thyrotropes (TSH; thyroid stimulating hormone b), gonadotropes (FSH; follicle stimulating hormone b), and lactotropes (PRL; prolactin).
All antisera were incubated with 20-mm pituitary sections except for prolactin, for which dispersion of pituitaries followed by ®xation
with methanol was required. Locations of the anterior lobe (A), intermediate lobe (I), and posterior lobe (P) are indicated at the top.
and Rosenfeld, 1994). There is abundant evidence to suggest cells of the caudomedial region of the anterior pituitary
gland around e14.5 in the mouse, prior to the appearancethat Pit-1 is responsible for the generation of somatotropes,
thyrotropes, and lactotropes. First, Pit-1 initially appears in of somatotropes, thyrotropes, or lactotropes, and persists
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FIG. 2. In situ hybridization of embryonic pituitaries from wild-type (wt) and Ames dwarf mice (df/df). Embryo sections from the indicated
stages were hybridized with a probe that speci®cally detects the common a subunit for glycoprotein hormones (aGSU). The top left ®gure
is a schematic of an embryonic pituitary with the rostral tip (r) indicated with red shading.
only in these three cell types (Simmons et al., 1990). Second, DNA binding, lack all three cell types (Li et al., 1990). This
suggests that progression of a precursor cell to somato-the Pit-1 protein can activate expression of the genes that
encode the hormone that is characteristic for each cell type tropes, thyrotropes, and lactotropes is blocked in the ab-
sence of functional Pit-1.(Andersen and Rosenfeld, 1994). Most importantly, Snell
dwarf mice, which harbor a mutation in Pit-1 that prevents A distinct mouse mutant, the Ames dwarf (df), appears
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phenotypically similar to the Snell dwarf, yet is localized tion with oligonucleotides capable of detecting wild-type
and mutated Pit-1 genes (Lin et al., 1994).to mouse chromosome 11 (Bartke, 1967; Buckwalter et al.,
1991). The identi®cation of two distinct mutations re-
sulting in similar phenotypes suggests the possibility that
both genes may be involved in a linear genetic pathway. RESULTS
While the precise relationship of the df factor to Pit-1 re-
mains unclear, this genetic evidence implies one of three External appearance, growth rate, and pituitary hormone
levels are similar in Snell and Ames dwarf mice (Slabaughscenarios. df could act upstream of the Pit-1 gene by stimu-
lating its expression or downstream as a target gene acti- et al., 1981; Cheng et al., 1983), yet similarities at the cellu-
lar level remain unclear. While previous studies have failedvated by Pit-1. Alternatively, df might be a Pit-1 coactivator,
perhaps through direct protein±protein interactions analo- to detect GH and PRL in the anterior pituitary glands of
both Snell and Ames dwarfs (Slabaugh et al., 1981; Chenggous to the relationship between Oct-1 and its coactivator,
OCAB (Luo et al., 1992; Gstaiger et al., 1995; Strubin et al., et al., 1983; Hurley et al., 1995), a recent report described
the existence of GH-positive cells in Ames anterior pituitar-1995). To address these questions, we have analyzed the
ontogeny of Pit-1 gene expression in the Ames dwarf and ies (Gage et al., 1995). To address this question further, we
have carried out immunohistochemical analyses for pitu-compared Pit-1 mRNA levels to those of normal controls
and Snell dwarf animals. Our results indicate that the df itary cell types in the adult Ames dwarf and compared them
to wild type as well as to the Snell dwarf. Using tissuegene product is an upstream factor required for effective
Pit-1 expression, implying a hierarchy of tissue-restricted sections from Ames dwarf pituitaries, no somatotropes,
thyrotropes, or lactotropes were detected, while a normalfactors that mediate the appearance of speci®c cell pheno-
types. complement of corticotropes and gonadotropes was ob-
served (Fig. 1). However, when we used the more sensitive
method of incubating the GH antibody with dispersed pitu-
itary cells from Ames dwarf pituitaries, we observed 10 toMATERIALS AND METHODS
20 immunoreactive cells per pituitary (data not shown),
consistent with the ®ndings of Gage et al. (1995). At a cellu-Immunohistochemistry. Adult mice were perfused
transcardially with phosphate-buffered saline followed by lar level, the phenotype of the Ames dwarf appears to be
similar to that of the Snell dwarf, suggesting that the dfbuffered 10% formalin. The pituitary glands were removed,
®xed overnight in the same ®xative containing 10% su- gene may be involved in the same genetic pathway as the
Pit-1 gene.crose, and subsequently frozen in O.C.T. compound (Miles
Inc.). Twenty-micrometer sections were mounted on Su- To determine the relationship between the df gene prod-
uct and Pit-1, we carried out a series of in situ hybridizationperfrost/Plus microscope slides and incubated for 48 hr at
47C with the indicated rabbit antisera. After washing, pri- studies during development of the anterior pituitary gland
in the Ames dwarf. The a glycoprotein hormone subunitmary antibodies were detected with af®nity-puri®ed ¯uo-
rescein anti-rabbit IgG (Vector Laboratories). In some exper- (aGSU), one of the earliest markers of anterior pituitary
gland development, is highly expressed in Rathke's pouchiments, pituitaries were dissected from adult mice or e18
mouse embryos and dispersed with collagenase (BRL Labo- around e9.5. Later, around e13.5, it is restricted to the ros-
tral tip in an area where the rostral tip thyrotropes develop.ratories). Pituitary cells were allowed to attach to poly-D-
lysine-coated slides for 1 hr, followed by ®xation with 100% Subsequently, aGSU expression is found along the basal
surface with extension into the caudomedial region of themethanol at 0207C for 15 min.
In situ hybridization. Mouse embryos, wild type, prog- anterior pituitary where the Pit-1-dependent thyrotropes de-
velop (Simmons et al., 1990; Japon et al., 1994). aGSU,eny of homozygous breeding from df/df animals, or progeny
of heterozygote breedings from dw// animals were isolated therefore, provides a suitable marker to assess the general
appearance of the developing anterior pituitary gland. In theaccording to standard techniques (Hogan et al., 1994). The
embryonic heads were ®xed with buffered 10% formalin at Ames dwarf, aGSU is expressed normally in the rostral tip
at e13.5 (Fig. 2, top). Later, at e15.5 and e16.5, aGSU expres-47C for 2 to 7 days. After serial sectioning at 10 mm, slides
were incubated with 35S-labeled antisense RNA probes as sion extends normally into the caudomedial region of the
gland (Fig. 2, middle and bottom), indicating that there ispreviously described (Lin et al., 1994). After hybridization,
sections were washed, defatted, air-dried, and coated with no signi®cant loss of cellularity at this stage in the Ames
pituitary. The overall size and appearance of the e16.5 AmesNTB-2 emulsion (Kodak). Slides were developed after 5- to
14-day exposure and stained with bis-benzamide prior to pituitary appears to be identical to that of a wild-type con-
trol (Fig. 2, bottom). Based on this expression pattern andphotography with both ultraviolet and visible light sources.
Homozygous df/df breedings were done as previously de- normal morphology, early pituitary development in the
Ames dwarf seems indistinguishable from wild-type mice.scribed, by transplanting normal pituitaries under the kid-
ney capsule (Esqui®no et al., 1991). The Snell genotype was We next evaluated the expression of TSHb mRNA in the
Ames dwarf and compared it to expression in wild-type micedetermined as previously described, using DNA hybridiza-
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(Fig. 3). TSHb expression is ®rst found in the rostral tip of the sor (®rst appearing on e15.5) that subsequently can develop
anterior pituitary gland, a zone where Pit-1 is absent. These into mature somatotropes and lactotropes. Alternatively,
Pit-1-independent thyrotropes are transient, appearing around the Pit-1-dependent lineage precursor cells can differentiate
e12 and disappearing around birth (Lin et al., 1994). The main into mature caudomedial thyrotropes that express TSH.
population of thyrotropes develops around e15.5 in the cau- Our analyses of the adult Ames pituitary indicates that
domedial region of the gland, where Pit-1 is highly expressed. there is a lack of somatotropes, lactotropes, and thyrotropes,
This population of thyrotropes is Pit-1-dependent and fails to a phenotype identical to that of the Pit-1-defective Snell
appear in the Pit-1 mutated Snell dwarf (Lin et al., 1994). In dwarf. Although we and others (Gage et al., 1995) have de-
the Ames dwarf, thyrotrope development is similar to that tected GH immunoreactive cells in Ames dwarf pituitaries,
of the Snell dwarf, with a normal complement of rostral tip these cells are extremely rare. Consistent with that observa-
thyrotropes (Fig. 3, top) and complete failure of caudomedial tion are earlier biochemical studies, using assays capable of
thyrotrope development (Fig. 3, bottom). These results indi- detecting 0.05% of normal pituitary GH, which failed to
cate that the early ontogeny of Pit-1 target gene expression is detect any GH or PRL in either Ames or Snell pituitaries
similar in the Snell and Ames dwarfs, lending further support (Slabaugh et al., 1981). The signi®cance of these rare GH
for the hypothesis that the df factor and Pit-1 participate in a immunoreactive cells remains unclear. First, the mutated
linear pathway. Ames factor might retain partial activity, thus allowing the
Having established that the early development and organ formation of occasional Pit-1-expressing cells. Second, cel-
morphology of the anterior pituitary gland appears normal lular commitment may occur stochastically in the absence
in the Ames dwarf, we assessed the ontogeny of Pit-1 gene of functional Ames factor. Third, the Ames factor may be
expression in the Ames dwarf (Fig. 4). In contrast to the appar- required for expansion, rather than commitment of Pit-1-
ent normal pattern of aGSU gene expression (Fig. 2), no Pit- expressing cells (Gage et al., 1995). However, it is unlikely
1 transcripts are found at e15.5 and e16.5 in the Ames dwarf that the lack of Pit-1 gene expression that we have observed
(Fig. 4). These results indicate that initial activation of the is due to this third mechanism. Pit-1-expressing cells com-
Pit-1 gene is defective in the Ames dwarf, which is consistent prise a large fraction of the developing anterior pituitary
with the lack of TSHbmRNA expression in the caudomedial gland at e14.5 (Rhodes et al., 1993). Therefore, if the role of
region of the gland. The lack of Pit-1 gene activation in the the df factor was solely to expand the cellular population
Ames dwarf is in contrast to the normal initial Pit-1 gene destined to express Pit-1, a large defect in cellularity of the
expression in the Snell dwarf (Rhodes et al., 1993), in which pituitary gland should be obvious at least as early as e13.5
Pit-1 transcripts are clearly observed at e17.5 and e18.5 (Fig. to e14.5, when the Pit-1-dependent lineage precursor cells
5). Taken together, these results indicate that the lack of soma- form. We cannot rule out the possibility that the Ames
totropes, thyrotropes, and lactotropes in the Ames dwarf is
factor may have other roles in addition to its function in
due to failure to initiate Pit-1 gene expression.
activation of Pit-1 gene expression. In fact, Pit-1 itself has
multiple functions including roles in cellular commitment,
expansion, and activation of distinct terminal differentia-DISCUSSION
tion markers, depending on stage of development and cell
types in which it is expressed (Andersen and Rosenfeld,The anterior pituitary gland develops from an invagi-
1994).nation in the oral ectoderm, referred to as Rathke's pouch,
While naturally occurring mutations in the Pit-1 genethat appears at e9 in the mouse. Prior to the appearance of
were ®rst described in mice, several cases of congenitalhormone producing cells, Rathke's pouch epithelium ex-
combined pituitary hormone de®ciencies in humans havepresses the LIM homeodomain gene P-lim (also referred to
been ascribed to Pit-1 mutations (Ohta et al., 1992; PfaÈ f¯eas mLIM-3 and Lhx3; Seidah et al., 1994; Bach et al., 1995;
et al., 1992; Tatsumi et al., 1992; Cohen et al., 1995). There-Zhadanov et al., 1995) and the common subunit of glycopro-
fore, Pit-1 function in the anterior pituitary gland is welltein hormones, aGSU (Simmons et al., 1990; Japon et al.,
conserved from mice to humans. Consequently, mutations1994). Therefore, it is likely that organ commitment has
in the putative human df homologue should be consideredalready occurred at this stage in development. Subse-
in cases of congenital hypothyroidism and dwar®sm inquently, anterior pituitary development is characterized by
which Pit-1 gene abnormalities have been excluded.a cell type commitment phase resulting in ®ve distinct pitu-
It remains to be determined to what extent fate speci®ca-itary cell types that appear in a precise spatial and temporal
tion of the Pit-1-dependent precursor cell in the anteriororder. A large number of Pit-1-expressing cells, referred to
pituitary gland is regulated by cell autonomous factors andas Pit-1-dependent lineage precursor cells, appear in the cau-
to what extent by interaction with the environment. How-domedial region of the developing anterior pituitary gland
ever, the similar phenotype of Snell and Ames dwarfs sug-around e14.5 (Lew et al., 1993; Andersen and Rosenfeld,
gests that the df factor and Pit-1 may be components of a1994). These precursor cells appear to have two distinct
hierarchial pathway analogous to the gene networks in-fates (Andersen and Rosenfeld, 1994). First, these cells can
give rise to a GH-producing lactotrope/somatotrope precur- volved in sensory bristle development and R7 photoreceptor
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FIG. 5. In situ hybridization of embryonic pituitaries from wild-type (wt) and Snell dwarf mice (dw/dw). Embryo sections from the
indicated stages were hybridized with probes that speci®cally detect Pit-1 transcripts.
formation in Drosophila (Posakony, 1994; Zipursky and Ru- initiate Pit-1 gene expression detectable with the in situ
hybridization assay. This ®nding is most consistent with abin, 1994; Jan and Jan, 1995).
Pit-1 gene expression is initiated normally during em- model in which the df gene is an upstream activator of the
Pit-1 gene. The normal morphological appearance, and thebryogenesis in the Pit-1-defective Snell dwarf, but Pit-1 ex-
pression is later (around p0) extinguished (Li et al., 1990), normal pattern of aGSU mRNA expression in the cau-
domedial region of the anterior pituitary in the Ames mouseperhaps due to the requirement of autoregulation for main-
tenance of Pit-1 gene expression (Rhodes et al., 1993). This at e16.5, argue against the possibility that failure of Pit-1
gene expression is due to lack of Pit-1-dependent lineageindicates that while a large number of Pit-1-dependent lin-
eage precursor cells can form in the absence of Pit-1 activity, precursor cells. Furthermore, the lack of Pit-1 gene activa-
tion in the Ames dwarf demonstrated in this study, in con-these cells depend on Pit-1 for progression to hormone-pro-
ducing cells and for long-term survival. In contrast to the junction with data demonstrating normal activation of the
Pit-1 gene in the Snell dwarf, argues strongly against theSnell mouse, the Ames dwarf shows a complete failure to
FIG. 3. In situ hybridization of embryonic pituitaries from wild-type (wt) and Ames dwarf mice (df/df). Embryo sections from the indicated
stages were hybridized with a probe that speci®cally detects the b subunit for TSH (TSHb). The rostral tip (r) and caudomedial region (C)
are indicated.
FIG. 4. In situ hybridization of embryonic pituitaries from wild-type (wt) and Ames dwarf mice (df/df). Embryo sections from the indicated
stages were hybridized with a probe that speci®cally detects Pit-1 transcripts.
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FIG. 6. A simpli®ed model of anterior pituitary gland development in the mouse. The LIM homeodomain gene P-Lim (mLIM-3/Lhx3)
is expressed at a high level during the organ commitment phase and is likely to be important for early pituitary development (Seidah et
al., 1994; Bach et al., 1995; Zhadanov et al., 1995). The df gene is required for activation of the Pit-1 gene, whose gene product is required
for formation of three cell types: somatotropes, caudomedial thyrotropes, and lactotropes. These three cell types derive from a common
progenitor cell, Pit-1-dependent lineage precursor, that forms even in the absence of functional Pit-1 but requires the Pit-1 protein for
progression to terminal differentiation. There is evidence that most lactotropes derive from cells that express, at least temporarily, GH
(Behringer et al., 1988; Borrelli et al., 1989; Andersen and Rosenfeld, 1994). Little is known of the lineage relationship between Pit-1-
independent cell types.
model for transcriptional regulation of cell phenotypes in mam-possibility that the df gene product is either a coregulator
malian organogenesis. J. Biol. Chem. 269, 29335±29338.or a downstream target gene required for Pit-1 effects. Thus,
Bach, I., Rhodes, S. J., Pearse, R. V. II, Heinzel, T., Gloss, B., Scully,while the precise identity of the df gene is unknown, the
K. M., Sawchenko, P. E., and Rosenfeld, M. G. (1995). P-Lim, agenetic network involved in development of the anterior
LIM homeodomain factor, is expressed during pituitary organpituitary gland seems to require the activity of the df factor
and cell commitment and synergizes with Pit-1. Proc. Natl.
prior to initiation of Pit-1 gene expression, which ultimately
Acad. Sci. USA 92, 2720±2724.
is responsible for the formation of somatotropes, thyro- Bartke, A. (1967). Prolactin de®ciency in genetically sterile dwarf
tropes, and lactotropes (Andersen and Rosenfeld, 1994). mice. In ``Endocrine Genetics'' (S. G. Spickett, Ed.), pp. 193±197.
Cambridge Univ. Press, London.
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